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Inu'slijijK'  llio  gcnci.ition  .iiul  progression  ol  radio  lilanicnis  across  the  solar  (list. 
Develop  models  lor  analyses  ol  tlie  I'eluivior  ol  sneli  emissions. 


RISULTS 

Models  lor  delerminalion  ol  Ihe  cliaraelerisiies  ol  lllament  behavior  at  wavelengths 
ol  K.ii  mm  and  2.()em  were  developed  and  ealenlalions  were  made  which  yielded  reasonable 
temperature  and  electron-density  parameters. 


RtCOMMtNDATION 

( onduct  a more  e.xtensive  analytical  study  of  radio  tilament  behavior  using  radio- 
heliogranis  obtained  at  the  l.a  Posta  ,\str(vgeophysical  Observatory. 
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INTROmKTlON 


Ohscr\.itions  rilanK-nls  at  radio  wavclr'iielhs  liavo  been  presented  liy  a niimlier  ot 
authors  Dise  observations  ol  radio  filaments  show  tliem  as  ilepressions  against  tlie  (jiiiet 
liaelsgroimd:  in  otlier  worils.  they  are  seen  in  al''sorption.  Also  there  have  been  some  observa- 
tions ot  filaments  ( prominenees)  in  emission”  I'ntil  reeenlly,  simple  models  have  been  used 
to  explain  the  observalir)ns.  however,  there  are  three  reeent  papers  which  jiresent  more 
detailed  models. While  it  was  with  respect  to  the  simple  models  that  the  present  analysis 
was  originally  |iroposed.  the  new  nuulels  will  also  be  discussed.  I his  report  reviews  past 
efforts  and  attempts  to  use  some  unique  observations  obtained  at  the  La  Posta  Astrogeo- 
pln  sical  Obsenatory  ( I I’.AO)  to  better  "detine"  radio  filaments.  These  observations  are 
unique  in  that  the  same  filament  prominence  has  been  seen  at  two  tfetiuencies  in  both 
emission  anil  absorption. 

T'irst.  the  data  are  presented  and  parameters  usetui  tor  model  development  are 
tabulated.  Next,  tlie  simple  models  are  discussed  and  the  relevancy  of  our  observations  to  the 
new  models  is  shown.  We  end  with  conclusions  and  suggestions  for  future  work. 


DATA 

During  the  end  of  November  and  the  first  part  ol  December  l‘)7.L  a large  lilament 
was  seen  to  traverse  the  solar  disc.  The  optical  observations  ol  the  tilament  presented  here 
were  obtained  from  the  .Sacramento  Peak  Observatory.  At  radio  wavelengths,  the  lilament 
was  seen  as  a depression  or  “ahsorption"  feature  while  on  the  disc,  and  usually  in  emission 
while  on  the  west  limb.  These  radio  observations  were  made  at  l.PAO  as  part  ol  a solar  moni- 
toring program  where  radiospectroheliograms  at  S.()-mm  and  2.0-cm  wavelengths  are 
acquired  daily.  .Although  data  have  been  collected  since  August  I‘t72.  the  present  case  is  the 
only  obvious  observation  of  a lilament  in  emission. 

The  radio  majis  are  acijuired  by  scanning  the  sun  in  a square  boustrophendonic  raster 
containing  3.S  by  .35  points  at  X.(i  mm  and  lb  by  D>  points  at  2.0  cm.  The  grid  spacing  is  1 .1) 
and  2.0  aremin,  and  data  acquisition  requires  about  (lO  minutes  and  25  minutes  at  ^.(>  mm 
and  2.0  cm.  respectively.  Tiaeh  map  is  calibrated  by  standard  techniques;  however,  due  to 
varying  atmospheric  attenuation  and  system  gain  changes,  the  data  have  had  to  be  normali/ed 
to  provide  consistent  results. ' The  normali/alion  has  resulted  in  a background  level  (assumed 
constant  in  time)  which  does  not  vary  more  than  *17?  from  map  to  map  This  makes  possible 
comparisons  ol  features  Irom  one  day  to  the  next  with  a high  degree  of  accuracy.  .Sample 
maps  obtained  at  each  wavelength  are  shown  in  figures  I and  2.  The  temperature  contours 
are  in  percent  of  the  central  dise  antenna  lemperatuie.  the  interval  between  contours  is  T ' 
near  the  dise  center. 

Ihe  antenna  pattern  produces  smoothing  ol  the  radio  brightness  distribution  such 
that  tealures  away  trom  the  dise  center  become  “hidden."  lo  compensate  lor  this,  an  average 
map  has  been  constructed  and  subtracted  from  individual  ma|)s  to  produce  dillerenced  maps. 
An  example  ot  such  a differenced  map  is  shown  in  figure  .L  Due  lo  Ihe  var>  ing  solar  angular 

I Khangil'din,  UV,  Soviet  Astronomy-AJ,  S,  p 234-242,  I')h4 

2.  Kundu.MR.Solarniysies,  25,p  108-115,  1972 

3.  Kiindu,  MR,  and  McCullougti,  TP,  .Solar  Physics,  24,  p 133-141,  l‘>72 

4.  Straka,  RM,  Papagiannis,  MD,  and  Kogut,  JA,  Solar  Physics,  45,  p I 31-14n,  hits 

5.  ( hmderi-Drago,  T,  Turst,  h,  Ilirth,  W,  and  laintos,  P.  Astronomy  and  Astropliysics.  39,  p 42'»-435,  1975 

6.  But/,,  M.  Turst,  T.,  Mirth,  W,  and  Kundu,  MR,  Solar  Physics,  45,  p 125-129,  |‘)75 

7.  Megatek  Corporation  Report  R2(X)5-03  MT-.t,  by  I T Weler,  5 Apiil  I97() 


iliamclor  aiul  .mlonn.i  p.iramcicis.  some  iiiKertainlies  are  pioiliueil  neai  llie  limli;  liowever. 
the  lealures  we  are  lookinj>  lor  are  sij:iiilieanl  enoii^li  lo  .ip|)e.ir  iii  sjuie  ol  (his  In  ortler  to 
imiuove  llie  limh  results,  a ililTereneeil  ipiatlrant  was  proiliieeil  hy  suhtraetiii)!  tlie  mirror 
imai’e  ol  the  norlliwesi  quadrant  Irom  llie  northeast  ciuailranl  ( ontours  W'ere  then  plotted 
only  aho\e  the  +5'-  level. 

l o verily  the  identity  ol  lealures,  ihe  sel  of  lij;ures  4 through  ^ was  jirepareil  I he 
.Saeramento  Peak  Ohservalory  1 1^,  photographs  have  superimposed  on  them  Iranspareneies 
showing  the  ililTereneed  radio  maps  at  X,(>  mm  The  kiwer  jianel  is  Ihe  normal  exposure  used 
10  show  dise  lealures  w-hile  Ihe  upper  panel  is  overexposed  lo  hring  out  limh  strusture  In 
llgure  4,  the  filament  we  are  interested  in  is  near  the  eentral  meridian  at  ahout  dO^N  lalilude 
I he  deepest  eontour  shows  a depression  ol  slightly  more  than  -y: . On  2 aiul  ?•  Deeemher. 
the  filament  moveil  to  the  limh.  as  seen  in  figures  (i  and  7,  i he  contours  in  Ihe  upper  panel 
show  the  prominenee  as  a + 14';  enluineenient.  I'igure  X has  been  prepared  to  show  the 
eharaeteristies  of  the  filament  prominenee  we  are  coneerned  with. 

MODUS  AND  DATA  INTLRPKLTATION 

The  simplest  model  used  to  describe  the  radio  (mm  and  low  cm)  obser\atioiis  of 
nts  asbumes  absorption  of  radio  waves  originating  in  the  chromosphere  by  Ihe  eooler. 

. Iilament  in  the  eorona.  Kundu^  attempts  to  ilerive  estimates  ol  1^.  and  N^.  by  looking 
. the  mean  optical  depth,  r = Kf.  where  K is  the  absorption  coefficient  and  t Ihe  dimension 
ol  Ihe  filament  through  which  the  radio  waves  must  pass.  The  dependence  ol  K on  1^,  and  N , 
allows  either  to  be  determined  it  the  other  is  known  or.  it  One  observes  at  two  wa\elengths. 
r^,  and  can  he  determined  without  assumptions,  according  to  Kundu.  I urther.  as  one  goes 
to  longer  wavelengths  I higher  in  the  solar  atmosphere)  the  amount  of  absorption  should 
decrease  as  a larger  fraction  ol  Ihe  radiation  comes  Irom  above  the  filament.  I his  same  model 
allows  independent  determination  ril  1^,  and  it  the  filament  is  seen  in  both  emission  ami 
absorption  provided  the  filament  is  optically  thick.-  Ihe  electron  temperature  is  then  the 
same  as  Ihe  brightness  temperature. 

I he  radiative  transfer  e(.|uation  tor  the  filament  on  the  dise  ean  be  written 


Ijjldisc)  = T^  e'^'  + I ,.  e 


+ T, 


where  the  parameters  are  illustrated  in  ligure  da  and  defined  as  Ibllows: 


I y(  disc) 


'<3' 


-Tf.  -r 


r e'^« 


'l 

^f- 


= observed  brightness  temperature  of  the  Iilament  on  the  disc. 

“ = brightness  temperature  contribution  Irom  below  Iilament, 

= brightness  temperature  contribution  from  the  filament. 

= brightness  temperature  contribution  Irom  below  the  altitude  ol  Ihe 
filament  in  the  absence  of  a filament, 

= brightness  temperature  of  Ihe  filament, 

= optical  thickness  ol  the  Iilament,  and 
= optical  thickness  ol  Ihe  region  above  the  Iilament. 


8.  Kundu.  MR,  .Solar  lliysks,  l.t,  p .t48-.t56,  Id70 
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7 November 


78  NOVEMBER  1973 


02  DECEMBER  1973 


03  DECEMBER  1973 
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LENGTH  A 
INSIDE  B: 
HEIGHT  C: 
WIDTH  D: 


ENHANCEMENT  ^14% 


DEPTH  E:  .17  X 10^  km  = 23" 

LENGTH  F:  1.36  X 10®  km  = 3'10" 

DEPRESSION  ^3% 


l•igllre  S.  l ilamctil/promincntc  characlcrislics. 


10 


PHOTOSPHERE 
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I'igure  I-ilanicnl  on  the  disc  and  on  the  limb. 
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Because  tlie  lilainent  is  smaller  than  the  heamwidtlt  ol  the  antenna,  what  is  aetualh 
ohser\ed  is  an  antenna  temperature.  I wliieli  is  a eomhination  ot  the  hriglitness  teni|ier- 
atures  of  tlie  filament  aiul  the  surrounding  area  on  the  sun.  This  antenna  temperature  is 
given  hy 


A -Ti;  -T„, 

'disc  =7"  o' 


) fa' 


(21 


B -T„ 


where 

1 Wll.M  - 

( = antenna  beam  area  = 7T  ( ; — I 

A = projected  filament  area 
B = C-A  (remaining  area) 


( rad~  I, 

( rad“ ).  and 
(rad~). 


I he  first  term  on  the  right-hand  side  ofeiiuation  (2)  represents  the  eontrihution  of  I 
from  the  filament  while  the  second  term  accounts  for  the  eontrihution  of  that  portion  of  the 
antenna  beam  not  on  the  filament  but  looking  at  the  surrounding  area. 

For  the  litnb  observation,  the  same  equations  hold  with  the  e.xception  that  the  nota- 
tion requires  modification  to  account  for  the  ditterences  between  the  disc  and  limb  conditions. 
The  radiative  transfer  eiptation  is 


I jj  ( limb) 


+ 11-  e 


(.?) 


•iiul  iIk'  K'sullin;^  .mii'iiiKi 


A’  -t',  , ~t' 

'T  ' ' 'i  '-  ' 

H’ 


(4) 


1 Ik'  I'liiiK-s  ilcnotc  till.'  limi'  syrnhol  (or  the  eijuiv  .ilciit  ilisc  symbol.  I hese  ;iiv  illiislr;itei.l  in 
ligiiie  ‘hi  It  sliouUl  be  noteil  tiuit 


(ji  Tj.  fs  primeil  (rj  ) tor  the  limb  bee;mse  t ^ kV  .iiul  V is  not  the  sjm’e  lor  the  ilisi. 
.iiul  limb  obsers ;itions 

(b)  ( is  not  primed  in  eipKilion  (4)  beeause  the  beamwidth  remains  nnehanged. 

I he  obsersations  made  at  1 I’AO  have  been  reiliieed  to  the  ililierenee  between  the  individual 
map  and  the  baek^romul  average.  .Solving  lor  this  dillerenee  using  ei|nalion  ( 2l  gives 


^'dise 


( .1 1 


A similar  equation  results  Irom  using  ei|uation  (4».  I (|uation  (5l  may  be  simplitied  to 


"^*dise  = — (1,1 
(■  P 


l.e  ^‘1  . 


I 01 


where  again  .i  similar  eijualion  holds  lor  the  limb  ease,  hor  the  reason  that  I . 

equation  (til  e.in  be  simplilied  again  to 


:^l,i;.,.  = — < -T,,  + T 


Mise  - —"P 


'I 


I . 


(7) 


.Assuming  a eonstant  temperature  and  eleetron  density  throughout  the  railio  I'ilament  and 
using 

I,.  = I,tl-e’"'l 

where  1^^.  is  the  eleetron  temperature  in  the  radio  lilament.  we  eaii  rewrite  equation  ( ^)  as 


A = U..-l,„(r-.."'l 


or 


'e  = 


‘^'dise^ 


— + I'rt 


(Hi 


-Tt: 

1 - e ' )A 


<).  Aeruspaee  Corporation  Kcporl  A I K-74  (XI02)-«,  On  tlic  Sourec  of  the  Slowly  Varying  Coinponent  at  Centi- 
metre and  Millimetre  Wavelengths,  by  11  Shimabiikmo.  (,A  Chapman,  1 It  Mayfield,  and  S lidelson,  1 5 I'eb  7.t 


An  .ilimisi  o|u.iiion  ohl.iiiis  lor  IIk'  Imili  n.mn.'ly . 
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( I 


-^1 


• 'r 


A 


CM 


I iiualmns  ( M .iiul  ( cjii  Iv  soh  i-d  in  tour  w.iys  it)  ohi.iin  1 jiul  T|.  ( or  tJ  ► t)r  \ . 

IVcMUst.’  ( SCO  vHl  (111) 

A 

r(  A I I = rt  X ■.  I — ^ . ( I (II 

X-, 


v^llKll  .illows  ilio  lollowiini  solutions: 

(.1)  i'i|Uation  ( M 1 ,il  both  wavclcnglhs, 

(bl  i,-cination  CM  at  holh  wavi'lcnglhs. 

( s'  I ci|ualions  ( ,S  i anil  ( ‘M  at  .S.(>  mm.  anil 
(ill  oquations  ( XI  anil  ( M)  ;it  2.0  cm. 

Ilowcsci  . some  ol  these  cases  are  easier  to  solve  lor  than  olliers  because  1^  / anil  I '>  is 
ililTicul!  to  ascertain  iliie  to  its  variation  with  railial  ilislance  near  llie  limb.  On  ihe  disc. 

I ^ = !(■  I XXXOk  at  X.6  mm:  I0'<()(!K  at  2.0  cml  anil  because  ol  Ihe  jireat  lieitthl  ol  the 

lilament  ^ 0:  hence,  we  know  I ^ al  each  wavelength  anil  we  can  solve  case  ( al.  1 able  1 
lists  the  values  ol  Ihe  parameters  usetl  to  solve  equation  (b).  I he  technique  employeil  was  one 
ol  trial  and  error  on  Ihe  optical  de|itl),  .Also,  because  the  value  ol  Ihe  projected  lilament  aiea 
IS  uncertain  due  to  the  possible  noncoincidence  ol  Ihe  si/e  and  |iosilion  ol  Ihe  radio  and 
o|ilical  lilament.  the  value  ol  A was  allowed  to  vary. 
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[ he  technique  used  to  solve  lor  F^,  and  N^,  was  as  lollows: 

I ( house  a value  ol  A. 

2.  Solve  equation  (bl.  varying  tJ.-  (using  equation  ( lOl  to  relate  rj;  (K.b  mini  and 
rj.  ( 2.0  cm  I until  l^.  (b.(>  mini  = F^^,  ( 2.0  cm  I is  achieved  I. 


? w.is  iIk'h  soKi'il  loi  Using'** 

(III 
( I Ji 

AS  = s 'X  in'  km  (SCO  length  I)  in  ligure  Xl 
X = s (i  inin 

' e iletei  iniiKul  Imin  step  2 
( 2.  JX  Itr--  egs  units 

4 ( lO  to  step  I until  ,i  eomplete  range  ol  the  values  ol  A has  been  explored 


(AX 


= 


'I  '2 ' 
( X - AS 


\v  heie 


Kl  SDLTS  AND  DISCUSSION 


I igures  10-12  are  plots  ol  1^.,  N^..  and  T|,  ( S.()  mm  I as  a lunetion  ol  the  ratio  A ( 
at  S r>  mm  it  shouki  be  noted  that  because  lor  A C > 0.2  there  is  no  solution  to  the  e(|uation. 
the  ratio  A C eannot  exeeed  this  value.  A lower  limit  is  also  arrived  at  because,  lor  .A  C ^ 0 t)(o, 
the  solution  > ields  negative  values  ol  1^,.  These  two  limits  yield  the  lollowing  limits  on  N^,  .md 
1^,.  .IS  obtained  Irom  t igures  I Hand  I 1: 


I X Id'*  \^.  < 2 X It)'**  enr-^ 
X 10-  < 1^.  < 7.S  X 10'^  K 


( l.4| 


I he  uppei  limit  ol  .A  ( would  obtain  it  the  width  ol  the  lilament  were  approximately  1.7 
limes  ih.il  observed  optieally.  Due  to  the  irregular  shape  ol  the  lilament  (see  ligure  X).  it  is 
dillieull  to  .iscert.iin  the  true  optical  area.  However,  using  grajdtical  technii|ues.  it  has  been 
estimated  th.il  AT  (X.()  mm)  is  approximately  0.12  if  the  optical  and  radio  lilamenls 
coincide  I his  > ields  the  lollowing  estimates  lor  N^,  and  I I I rom  ligures  10  and  II): 

N , ^ 7.0  X I o'*  cm'-^ 

( I 

1^.  ^s.0)()K 


rv\  ()  ( OM  PON  I N T MOD  1.  LS 

In  the  .ibove  an.dysis  we  have  assumed  lh.it  the  radio  lilament.  by  whieh  we  mean  that 
siructuie  in  the  solar  atmosphere  responsible  lor  the  observed  ehaiige  in  antenna  temperature, 
h.ts  a imilorm  temperature  .md  density.  I his  is  obviously  not  eorrect.  but  it  lepresenls  a good 

10  Allen.  (AV,  Astropliysieal  DiMiilllies.  I'he  Alhlove  Press.  Uiiivcrsily  ol  I oiulon.  I'tn.t 
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1,6  mm-  Xl 


l igure  10.  I leclron  iciiipcralure  as  a tunclloM  of  llic  I igurc  II  l.leciron  density  as  a lunction  of  llio 

patanieter  \ ('  where  the  value  i)l  ('  is  determined  for  parainetei  .AC  where  the  value  olC  is  determined 

S ()-mm  wavelength.  from  S.h-mm  wavelength. 


l igure  12.  Optical  depth  at  K.P-mm  wavelength 
as  a luncliim  of  the  parameter  .\  ('  where  the 
value  for  C is  determined  Irom  H.(i-mm  wavelength 


mili.il  inmlrl  In  rcti'tif  p.i|\’is,  Sli.ik;!"*  ;iml  litti/*’  iiv  Iwo  compoiu'iil  m(uli.-ls  in  ;iiijly/iiif; 
r.ulio  holh  moik'ls  lOiiibiiK'  a ili-nsc.  uuil  lilaiiioiil  siinoiimk'il  l>\  an  o|ilii.allv 

lliin  tiansiiion  la\i-i , liowm  oi , IIk'V  dilkn  In  llio  rdativi.'  size's  ol  ilic  Iwo  coinpoiK-nfs.  In  IIk- 
Hul/  nuKli.’l/’  w hii.  li  is  siinilai  lo  that  disciissotl  by  Simon  and  Wie  ksirom. ' ' IIk'  I ilaincnl  is 
sinioundi'd  In  a sIkmiIi  wlm.  li  is  bolli  oplKall>  thin  and  ph\  saalK  lliin.  In  Icrms  ot  pm- 
K'slcd  aUM.  Ills'  sluMlli  Os s'lipis’s  oiiK  aboul  0.1  tbs'  ats-a  ot  ills'  niaiiK'iil.  Within  this  thin 
shs'alh.  Ills'  K'liips'ialuis'  Mss's  Iroiii  lhal  ol  Ills'  cool  lilanis'iit  to  Ills'  ainbis'iil  Is'iiips'ialinv  ol 
appro\inials'l\  I 0 ’ k 

In  Ills'  Sliaka  iiuuls'l.'^  Ills'  lilaiiis'iil  is  surrouiuls'd  by  a cavity  which  isoplically  lliin 
bill  physically  i|uilc  laiaic  In  Icniis  ol  projcck'd  area,  the  cavity  ocs  upies  aboiil  10  limes 
Ills'  area  ol  the  lilamenl  I hey  conelusle  that  il  the  lemperalure  slrusliire  nisids-  Ihe  savily  is 
ills'  s.mie  ,is  in  IIk-  sin  rounding  almosphere.  the  electron  densily  iniisl  be  lows'i  ih.ni  .mibienl 
by  .1  I. Is  lor  ot  Iwo 

We  can  gel  an  ide.i  ol  the  elleet  ol  this  more  complicaled  slriicliire  by  a slight 
modilis.ilion  ot  Ihe  .in.dysis  II  we  slerine  the  (ollowing  paramelers: 

\|  prois'sled  area  ol  the  rilanieni  in  the  .mienna  beam. 

A -1  = proiecled  area  ol  Ihe  cavity  or  sliealh  .iparl  Iroin  ,\  | . 

T|  I = opiic.il  Ihickness  in  area  A I . 

T|  s ^ optical  this kiiess  in  area  A s. 

-T 

||  |S'  “ = brigliiness  (emperatiire  conOilnilion  Irom  I . and 

~T 

I I se  = brightness  lemperalure  contribution  Irom  .\  s. 
then  loi  disc  observations,  the  dilTerenced  map  shows 


,'\gain  making  Ihe  siniplitying  assumplion  o|  unirorni  lemperalure  and  ilensiiy  within  each 
component . we  obtain 


where  I | aiul  are  the  elTeetive  temperatures  ol  llie  respeelive  eomponenis  Note  that 
rediising  Ihe  Ihickness  ol  Ihe  sheath/eavity  to  /.ero  gives  us  back  equation  iNt  lor  the  one- 
component  model. 

In  the  case  ol  Ihe  thin  sheath  imulel,  Ihe  small  optical  depth  (r|.-i  I I and  the  small 
thickness  (As  A | 0 h combine  to  miniini/e  the  elTecI  ol  the  sheath  I lence.  we  may  expect 

that  our  determinations  ol  1^.  and  N^.  are  not  greatly  in  error. 

II  .Simon.  M,  ami  Wis'kslroiii,  It.  Solai  I’liysies,  20,  p 122-120,  1071 


Id 


In  the  e.ise  iil  (he  eavily  inodd.  the  sm.ill  optie.il  depth  <T|  ■ I ) is  eompens.ited 

tor  lsy  the  larjte  si/e  (A  > A|  ^ 10).  Should  this  moilel  prove  eorreet.  our  delermin.ilions 
eould  lx-  seriously  in  erroi.  Note  that  heeause  the  lilament  may  shallow  a larfje  portion  ol 
the  cavity  when  \iewed  Ironi  certain  angles,  the  optical  deptlis  T|,  s and  T|,  | are  related 
geometrically  I his  makes  a more  complete  analysis  ol  this  model  heyond  the  inteiuled  scope 
ol  this  study. 


CONCLUSIONS 

■An  analysis  ol  the  ohservations  hased  on  the  simple  one-component  lilament  model 
has  yielded  a temperature  and  electron  density  which  seem  reasonahle  One  thing  which 
impressed  the  authors  is  the  relatively  small  numher  ol  radio  lilament  ohservations  which 
have  heen  analyzed.  It  woidd  seem  wise  to  base  our  knowledge  ol  radio  I'ilaments  on  a 
larger  statistical  sample  than  has  heen  thus  lar  utilized  In  view  ol  the  success  ol  the  analysis 
based  on  disc  observations  at  two  wavelengths  presented  above,  we  believe  that  a more 
comprehensive  lilament  study  using  the  1 I’AO  radioheliograms  is  indicated 
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